Abstract Genetic diseases are recognized
Introduction
Developments in genetics and molecular biology have provided a vast amount of data and information to support the view that most human diseases have a significant genetic component. Characterization of the genetic determinants of disease provides remarkable opportunities for clinical medicine through an improved understanding of pathogenesis, diagnosis and therapeutic options. An understanding of the genetic basis of human disease has opened the way forward for a new taxonomy of human disease that will be free from limitations and bias in developing diagnostic criteria related to events which are often secondary and peripheral to its cause (Bell 2003) . For instance, genetic information has allowed us to identify distinct forms of diabetes mellitus, defining an autoimmune form associated with highly diverse and complex human leukocyte antigens [HLA] and other factors that affect both expression and modification of gene products in mediating the adult form of the disease (Cardon and Bell 2001) . Similarly, a number of genetically determined molecules and pathways have been characterized that are crucial in the pathogenesis of bronchial asthma. It is now widely believed that a clearer understanding of the mechanisms and pathways of a disease will assist us in delineating distinct disease subtypes, and may resolve many questions relating to variable disease symptoms, progression and response to therapy. This might help in revising the current diagnostic criteria. Eventually, genetics may contribute to a new taxonomy of human disease for clinical practice.
Although genetics is acknowledged to be an important aspect in understanding the pathogenesis of disease, genetic classification of human disease has not yet received full recognition. There is ample evidence in support of the argument that genetic factors are probably associated with all human diseases except probably for trauma. It is argued that the outcomes to trauma might be influenced by inherited factors such as genetically determined inflammatory markers, host-response to infection and tissue damage. Various categories of genetic disorders are considered to be rare with a tendency to be included under the broad title of organ-system diseases. Often these are listed as simply etiological factors rather than a distinct disease category. This concept and approach is now rapidly being outdated and replaced with new classes of diseases. This progress is seriously hampered by the lack of formal education at all levels and integration of appropriate technologies into the modern medical diagnostic and therapeutic infrastructure.
Traditionally, genetic diseases are classified as chromosomal (numerical or structural), Mendelian or singlegene disorders, multifactorial/polygenic complex diseases or congenital anomalies and diseases associated with specific mitochondrial gene mutations. Apart from chromosomal disorders, essentially all genetic disorders result from some form of alteration or mutation occurring in a specific gene (single gene diseases) or involving multiple loci spread across the human genome (polygenic disorders). The major impact of chromosomal disorders occurs before birth and carries a serious health burden throughout childhood and during the early years of life. On the other hand single gene diseases can pose a real medical and health burden from the perinatal period to adult age with a peak around mid-childhood. In contrast, the polygenic/multifactorial diseases tend to present late, except for developmental anomalies requiring active multi-disciplinary care during early life.
Recent advances in molecular genetics have enabled us to identify specific groups of disorders that result from characteristic mechanisms involving specific areas of the human genome. Often these do not conform to the standard basic principles of genetics. A broad term 'genomic disorders' has been coined to describe these conditions (Table 1) . A number of hereditary disorders present with complex genetic pathology that do not follow the conventional principles of inheritance. There is now overwhelming evidence within these disorders that indicates unusual mechanisms suggesting 'non-traditional inheritance'. The mechanisms involve certain genomic regions that directly or indirectly influence regulation and expression of one or more genes manifesting in complex phenotypes. Currently some of these disorders are either listed as chromosomal or single-gene disorders.
Phenotypes of disorders of genome architecture
Recent completion of the human genome project and sequencing of the total genomes of yeast and other bacterial species have enabled investigators to view genetic information in the context of the entire genome. As a result it is now possible to recognize mechanisms of some genetic diseases at the genomic level. The evolution of the mammalian genome has resulted in the duplication of genes, gene segments and repeat gene clusters (Lupski 1998) . This aspect of genome architecture provides recombination hot spots between nonsyntenic regions of chromosomes that are distributed across the whole genome. These genomic regions become susceptible to further DNA rearrangements that may be associated with an abnormal phenotype. Such disorders are collectively grouped under the broad category of 'genome architecture disorders'.
The term 'genome architecture disorder' refers to a disease that is caused by an alteration of the genome that results in complete loss, gain or disruption of the structural integrity of a dosage sensitive gene(s) (Shaw and Lupski 2004; Lupski and Stankiewicz 2005) . Disruption in the function of dosage sensitive gene may result from number of mechanisms including gene interruption, gene fusion, position effect, unmasking of a recessive allele, presence of a functional polymorphism and gene transvection effect ( Fig. 1) . Notable examples include a number of microdeletion/duplication syndromes (Table 2 ). In these conditions, there is a critical rearranged genomic segment flanked by large (usually [10 kb), highly homologous low copy repeat [LCR] structures that can act as recombination substrates. Meiotic recombination between non-allelic LCR copies, also known as non-allelic homologous recombination, can result in deletion or duplication of the intervening segment. The phenotype in some of these disorders is distinct recognizable with distinguishing clinical and facial dysmorphic features (Fig. 2) .
Similarly, other chromosomal rearrangements (Table 3) , including reciprocal, Robertsonian, and jumping translocations, inversions, isochromosomes, and small marker chromosomes, may also involve susceptibility to rearrangement related to genome structure or architecture. In several cases, LCRs, A-T rich palindromes and pericentromeric repeats are located at such rearrangement breakpoints. This susceptibility to genomic rearrangements is not only implicated in disease etiology, but also in primate genome evolution (Shaw and Lupski 2004 ).
An increasing number of Mendelian diseases (Table 3 ) are recognized to result from recurrent inter and intra chromosomal rearrangements involving unstable genomic regions facilitated by low-copy repeats [LCRs] . These genomic regions are predisposed to non-allelic homologous recombination [NAHR] between paralogous genomic segments. LCRs usually span approximately 10-400 kb of genomic DNA, share 97% or greater sequence identity, and provide the substrates for NAHR, thus predisposing to rearrangements. LCRs have been shown to facilitate meiotic DNA rearrangements associated with several multiple malformation syndromes and some disease traits (Table 2) . Seminal examples (Fig. 3) (17) (p11.2p11.2). Dominantly inherited male infertility related to AZF gene deletion follows a similar mechanism. In addition this LCR-based complex genome architecture appears to play a major role in the primate karyotype evolution, pathogenesis of complex traits and human carcinogenesis (Frank et al. 2007 ). Most commonly NAHR occurs between highly similar duplicated sequences. NAHR between duplicated sequences in direct orientation results in deletion or duplication ofintervening sequences. In contrast, inversions result from NAHR between sequences aligned in inverted orientation (Turner et al. 2008) . The predominant pathogenic mechanism for the genomic disorders associated with deletions and duplications is altered copy number of dosage sensitive genes (Lupski and Stankiewicz 2005) . In addition, NAHR is probably the most prevalent mechanisms contributing to non-pathogenic genomic variation (Redon et al. 2006 ). The breakpoints of genomic rearrangements caused by NAHR have been shown to cluster in defined hot spots within duplicated sequences, in a manner similar to allelic recombination hot spots (Turner et al. 2008) . NAHR can occur in a number of ways. A simple model suggests three mechanisms-between paralogs on the same chromatid (intrachromatid), between sister chromatids (interchromatid), and between homologous chromosomes (interchromosomal). Deletion or duplication products result from the latter two mechanisms (Fig. 3) . According to this model of NAHR, the relative rate of deletion and duplication depends on frequency of intrachromatid NAHR during meiosis. It is estimated that the rate of duplication never exceeds that of deletion (Turner et al. 2008) .
A notable example includes genetically heterogeneous Charcot-Marie-Tooth disease [CMTD] . The disorder is also known as hereditary motor and sensory neuropathy [HMSN] by virtue of being a peripheral neuropathy due to either involvement of the axonal or myelinated segments of the peripheral nerve. Genetically autosomal dominant, autosomal recessive and X-linked dominant types are recognized. The disorder is not uncommon affecting approximately 1 in 2,500 of the adult population. This could be an underestimate since medically the condition is benign often not requiring any medical and/or surgical intervention. However, some affected individuals experience increasingly progressive neuro-muscular weakness of distal muscles of lower legs, feet, distal forearms, and hands with onset in early teens and causing severe locomotor restrictions.
An affected person usually presents late with relative hypertrophy of the upper calf muscles described as 'inverted Champagne bottle' associated with pes cavus due to wasting of the small muscles of the feet. Similarly, wasting of the small muscles of hand leads to 'claw-hands'. Neurophysiological studies remain an essential method of differentiating the two major types of CMTD. A reduced motor nerve conduction velocity of less than 35 m/sec helps in differentiating type 1 CMTD from type 2 CMTD, in which the motor nerve conduction velocity is usually normal but the sensory nerve conduction is often slow. Whilst this distinction is undoubtedly helpful in the clinical management, application for genetic counseling is limited because both types are genetically heterogeneous. For instance, molecular characterization and gene mapping have confirmed the existence of at least four types of type 1 CMTD, autosomal dominant types 1a, 1b, and 1c and the X-linked type [XCMT] . Similarly there are distinct genetic types within the type 2 CMTD group.
Approximately two-thirds of cases of CMT1 have a detectable 1.5 Mb duplication within a proximal chromosomal segment of the short arm of chromosome 17 (17p12) (Lupski et al. 1991) . This duplicated chromosomal segment contains a gene for peripheral myelin protein called PMP22. This duplication results in disruption of the gene leading to abnormal myelination of the peripheral nerves, an essential molecular pathological step resulting in the CMT1 phenotype designated as CMT1A. The CMT1A duplication was visualized by multiple molecular methods (Patel and Lupski 1994) , including fluorescence in situ hydridisation [FISH] , pulsed-field gel eletrophoresis [PFGE] , and dosage differences of heterozygous alleles by restriction-fragment-length polymorphisms [RFLPs] (Fig. 4) . This finding led to further molecular studies on the origin of the 1.5 Mb duplicated 17p12 segment (Lupski 2003) .
Studies by several investigators have revealed a significant variation in the size of marker alleles flanking the duplicated 17p12 region. It soon became apparent that a 500 kb allele co-segregated with 17p duplication in all affected individuals. This suggested a stable mutation and followed a precise recombination mechanism. However, in de novo duplication, the presence of repeated flanking marker alleles indicated the mechanism of unequal-crossing over leading to duplication. Indeed, this was confirmed when a highly homologous [20 kb size repeat sequence was confirmed flanking the 17p duplication. It was appropriately termed ''CMT1A-REP.'' As predicted by the unequal crossing-over model, CMT1A-REP was found to be present in three copies on the CMT1A duplicationbearing chromosome (Pentao et al. 1992) . Interestingly, the presence of only one copy was soon demonstrated in another peripheral nervous system disorder known as hereditary neuropathy with liability to pressure [HNPP] (Chance et al. 1994; Reiter et al. 1996) . The affected individuals with this disorder present with mild to moderate episodic weakness of the lower limbs and occasionally of upper limbs when subjected to prolonged pressure, such as sitting and sleeping. The disorder is dominantly inherited in an autosomal dominant manner. This is generally a clinically mild and benign hereditary neuropathy. The presence of only one copy results from a reciprocal deletion following unequal crossing-over involving the CMT1A-REP repeat (Fig. 5) .
Similar observations were also made in relation to Smith-Magenis syndrome (SMS), a contiguous gene syndrome associated with a microdeletion of 17p11.2 segment (Greenberg et al. 1991) . Affected children present with facial dysmorphic features, severe speech delay and behavioural problems with signs of self-harm. A specific junction fragment was detected by PFGE (SMS-REP) that was involved in recurrent rearrangement resulting in either SMS or reciprocal 17p11.2 duplication. Pathogenic mutations in RAI1 gene, mapped to the 17p11.2 chromosomal region, are now shown to be etiologically linked with SMS (Slager et al. 2003) . It is also possible to have both duplication and deletion at the same time, resulting from DNA rearrangements on both homologues of chromosome 17. This was demonstrated in a patient with mild delay and a family history of autosomal dominant carpel-tunnel syndrome, designated as Potocki-Lupski syndrome (Potocki et al. 1999 . The occurrence of both the 17p11.2 duplication and HNPP deletion in this patient reflects the relatively high frequency at which these abnormalities arise and the underlying molecular characteristics of the genome in this region.
It is perfectly reasonable to accept the argument that similar molecular mechanisms apply in causing several other apparently Mendelian disorders often occurring sporadically (Table 4) (Lee et al. 2007 ). The human genome has evolved an architecture that may make us as a species more susceptible to de novo rearrangements causing genomic disorders (Lupski 2003 (Lupski , 2007 . Several questions remain to be answered. To what extent de novo mutations result in sporadic traits? What is the difference in mutations rates for locus-specific point mutation or genomic rearrangement resulting in clinically indistinguishable phenotype? Is there any difference in male-germ cells meiotic genomic rearrangements resulting in either microdeletions or microduplications? Recent studies point to an excess of genomic rearrangement hot spots in male germ cells. Deletions are generated at a relatively higher rate that reciprocal duplications in the male germline (Turner et al. 2008) .
Rapid developments in this direction, for example commercially available opportunities for individual whole human genome sequencing or whole genome scan using a 1,000,000-probe SNP chip might offer to answer some of these questions. Currently probably the best results are likely to be achieved through multi-institutional efforts for developing better arrays for high-resolution genome analyses and detection of copy-number variation in conjunction with robust data bases (Lupski 2007) , for example 'Database of Genomic Variants' (http://projects.tcag.ca/variation/) and DECIPHER-database for chromosomal imbalance and phenotype in humans using Ensembl (www.ensembl.org) resources (http://www.sanger.ac.uk/PostGenomics/decipher/ ). In conclusion, for many apparent sporadic diseases, and perhaps for multi-factorial and complex traits, one must consider the possibility of de novo genomic rearrangement as the potential molecular mechanism (Lupski 2007) . Several research groups are engaged in looking for more genomic recombination hot spots that could reveal more disorders informing both clinical genetics and other clinicians (Osborne 2008) . There is now ample evidence for the existence of distinct clinical conditions that result from a number of genomic mechanisms related to either disruption in the genome architecture/function or both. Term 'genomic disorders' is probably appropriate to designate these conditions as a new class of human disease included in the taxonomy for human disease.
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